Abstract-This paper presents a new approach to formation control of a swarm of unmanned aerial vehicles (UAVs) to track a moving target in dynamic environment based on the artificial potential field method combined with a state feedback controller. In this approach, an attractive potential field is generated between the leader and the target by the relative position of them to drive the leader to track the target. The other robots in the swarm are controlled by the attractive potential field between them and the leader to follow the leader. By the influence of the potential field between neighboring robots, the organization of the swarm is stable and robust, and the collisions do not happen in the swarm. Obstacle avoidance is driven by a repulsive potential field thatis created in the region around the obstacles. The effectiveness of the proposed approach has been verified in simulations.
I. INTRODUCTION
Formation control of multi-robot systems has been one of the interesting research topics in the control community all over the world in recent years. Its potential applications in many areas such as search and rescue missions, forest fire detection and surveillance is the motivation and reason for this attraction.
In the formation control of multi-robot systems, the moving trajectory determination of each member-robot and the control of the motion of it along this determined trajectory are crucial problems. One of the effective and interesting methods to solve these problems is the artificial potential field method presented in [1] - [3] . In this method, the motion of the robots is controlled by artificial force fields considering the relative positions of the robots, target and obstacles of the environment.
In recent years, the artificial potential field method has been widely studied and used to control a group of mobile robots to reach the position of the target with the environmental influence in 2D (two-dimensional) space, see [4] - [7] . Using this control method the stability and robustness of the group are attained. Furthermore, this Manuscript received July 16, 2013; revised February 11, 2014. method has been developed und applied to the path planning of flight robots in 3D (three-dimensional) space when the target and obstacles are stationary [11] , [12] .
In this paper, the artificial potential field method is extended and applied to formation control of a swarm of UAVs, which follows the robot-leader to track a moving target through the obstacles of the environment. One UAV in the swarm is appointed as the leader. By the attraction of the artificial potential field from the target, the leader will drive its swarm to approach the target position. Each member-robot will be connected with its neighbors by the artificial potential field, which consists of an attractive and a repulsive potential field among them. The moving trajectory of each member-robot is controlled by the total potential field consisting of the attractive field of the leader, the repulsive field around the obstacles, and the attractive/repulsive fields of its neighbors. The state feedback controller, which is built by the Backstepping method see [10] , will regulate the robot to reach this desired trajectory. Using this total force field, with the leader tracking a moving target, the robustness and stability of the swarm are maintained on a desired altitude that is chosen by the altitude of the target. Obstacle and collision-avoidance of the swarm are solved effectively.
This paper is organized as follows: The problem statement is given in the next section. Section III presents the control algorithm for the swarm using the potential field method. In section IV, the stability and robustness analysis of the swarm based on the Lyapunov theory is given. Section V presents the mathematical model of the UAV and the nonlinear controller using the Backstepping method. Some simulation results are presented in section VI. And finally, section VII concludes this paper and proposes future research works.
II. PROBLEM STATEMANT
In this section we will consider that a swarm of N UAVs flies in a three-dimensional Euclidean space with Mobstacles.
Each robot's motion, which can be viewed as a moving point in the space, is described by the dynamic model as: respectively. The control input i u of the robot i is designed by the artificial potential field method (see [1] , [3] ) based on the relative positions between the robot i with its neighbors, the leader and the obstacles in the environment combined with the relative velocities among them. The idea for the stability and robustness of a desired swarm of UAVs (example in Fig. 1 ) is shown about the constant distance between each robot i and its neighbors. 
where 0 r   is an interaction range (radius of neighborhood circle, show in Fig. 4 ) and
is the Euclidean distance. In many cases, the relative distance between the robots can be changed while avoiding obstacles or changing moving direction, therefore the neighbors of each robot i can also be changed, and then the new stable structure of the swarm will continue to perform.
III. FORMATION CONTROL
This section presents the algorithm for the formation control of the leader-following UAVs to track a moving target while avoiding obstacles in the environment based on the artificial potential field method.
A. Control Algorithm for the Robot-Leader
The motion of the robot-leader is driven by the total artificial force that consists of two components as follows:
The first component In our approach, the relative velocity among the leader and the target is added in the attractive force which is used as a damping term to control the robot-leader when it approaches the target position.This attractive force is proposed as follows: 
, . (7) and (8), the corresponding forces are generated as:
The positive constants , obstacles to drive the leader to avoid the obstacles, see [1] , [4] . This component is built as:
where the set of neighborhood of the leader at time t is ()
, which the leader must avoid, are defined as: (11) Finally, the control law for the leader is (13)
B. Control Algorithm for Each Member-Robot
The movement of each robot i is controlled by the sum force that consists of three components as follows:
The first component j i f of (14), which is used to control the connection of the robot i and its neighbors, consists of the attractive and repulsive forces between them. This total control force for the member-robot i is built as: f is defined as: (14) is the control force of the robot-leader to drive the trajectory of the robot i to follow it and to avoid the collision between them. It is described as: 
Substituting equation (14) and (24) into (26), we obtain as follows:
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To analyze the stability of model (25) at the equilibrium point, at which the distance between the member-robot i and its neighbors j achieves a desired value 0 ijr   (see in Fig. 4 ), the Lyapunov function can be selected as in [8] , [9] :
Taking the time derivative of (28) along the trajectories of the system (25), we get:
2 )
If substitute (25) for 2
x into (27), the time derivative of the chosen Lyapunov function V will be as:
This result guarantees the stability of the swarm at the equilibrium position.
V. UAV MODEL AND CONTROL
The dynamic model of the UAV in the state-space is presented in this section as depicted in Fig. 6 . In [10] , Samir Bouabdallah and Roland Siegwart proposed the full dynamic model for the UAV in the state space and a backstepping controller. The model is given by 
where the parameters m, g, l,
, J are the mass of UAV, the gravitational constant, the lever of the arm length of UAV, the body moment of inertia around the x, y, z axis and rotor inertia, respectively. The four rotors rotate at four angular velocities   U cos sin cos sin sin U cos sin sin sin cos 
here b is thrust factor and d is positive constant.
Backstepping, that is one of the effective nonlinear control methods, can be applied to design the controllers 1 2 3 4 ( , , , , , )
Firstly, control input 1 U is used to control the altitude of the UAV as:
Secondly, control inputs , xy UU are used to control the positions x and y of the UAV as:
From (37) 
U cos U sin arcsin( ) cos
Thirdly, control inputs 2 3 4 ,, U U U are applied to control the attitude of the system as: . For a detailed presentation of this backstepping controller see [10] .
Based on these controllers combined with the designed formation controllers in section III, the control architecture for each UAV in the swarm is proposed in Fig. 7 . Table  I .
First of all we test the control algorithm for the robotleader tracking the target position. The simulation result in Fig. 8 shows that while reaching to the position of the target the altitude of the Journal of Automation and Control Engineering Vol. 3, No. 1, February 2015 leader is always kept stable by the controller (36). The trajectory of the leader is always to reach the trajectory of the target, which is shown in the Fig. 9 .
Second, the algorithm of the formation control, the leader-following motion of the swarm, the obstacles avoidance, the collision avoidance between robots in the swarm and the stability of the swarm while moving are verified by simulation. Figure 10 . Swarm of three robots tracks a moving target in obstacle environment, the leader is red.
The simulation case for the swarm of three robots (shown in Fig. 10, Fig. 11 ), the initial position of the robots, obstacles and the target are as follows: 
Simulation results depicted in Fig. 10 and Fig. 11 show that the organization of a swarm of three robots is influenced by obstacles of the environment and target's trajectory while it tracks the moving target. At t=100s and t=150s the swarm avoided obstacles effectively, but the formation is broken while avoiding these obstacles (distances between robots in the swarm always changes from t=0 to t=600s, see in Fig. 11 ). Since time t=600s the stability of the swarm is set and maintained (distances between robot are constant, see in Fig. 11 ), swarm's trajectory always reached the target's trajectory. The simulation case for the swarm of seven robots (shown in Fig. 12 ), the initial position of the robots, obstacles and the target are as follows: Figure 12 . Swarm of seven robots avoids obstacle to track a moving target, the leader is red. Fig. 12 shows that at initial time t=0 there are no communications between members in swarm, but after time t=100s, under the effect of the attractive force field of the leader these members have found their swarm quickly. The organization of the swarm starts set stable at t=200s. Obstacle avoidance is achieved successfully at t=500s. However, the stability and robustness of swarm is broken while avoiding this obstacle and then it is reset at t=700s and always maintained while the swarm tracks a moving target.
VII. CONCLUSION
This paper presents an approach for formation control of a UAVs swarm to track a moving target under the drive of a robot-leader based on the potential field method combined with a state feedback controller. The proposed formation control algorithms are verified by the simulations. The simulation results have shown that this is one of the control methods that can be applied to formation control of the flying multi-robots. The main advantages of this method are that the member-robots can find their swarm easily and quickly by the attractive field of the leader and in fast path searching to the target's position. However, the disadvantage of this method is that the function of the swarm depends always on the leader. Hence, the success of this method depends on further developments such as the intelligent swarmfinding of the member-robots without the drive of the leader in formation control to track a moving target. Furthermore, the algorithmic build to determine the position and velocity of the moving obstacles, and the adaptive and optimal formation control to avoid these obstacles will be the interesting and needful topics for our future research.
